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Abstract 
The continued expansion of the paired U.S.–Mexican border cities of Ambos Nogales presents 
many  environmental  management  and  urban  planning  challenges.  This  study  focuses  on  a 
comparative study of spatial patterns and rates of land-use and land-cover change, in relation to land 
degradation, deforestation, and urban growth over different time periods. Based on historical data 
the study suggests that both cities have experienced high land degradation; however, land on the 
Arizona-side has been more stable and less degraded. However, there were more severely degraded 
areas found in Nogales, Arizona, than in Nogales, Sonora. The delineation of land use change and 
the severity of land degradation provides important information to planners about areas that should 
be targeted for development and other areas that require restoration to natural settings. 





La continua expansión de las ciudades gemelas de Ambos Nogales (USA-Mexico) presentan muchos 
desafios de planificación urbana y manejo ambiental.  Este estudio se enfoca en los patrones y ?? de 
cambio  de  uso  del  suelo  en  relación  a la  degradación  del  terreno,  deforestación,  y  crecimiento 
urbano durante distintos períodos de tiempo.  Basado en datos históricos el estudio sugiere que 
ambas ciudades han experimentado alta degradación de tierra, pero la tierra en el lado de Arizona ha 
sido más estable y menos degradada.  Sin embargo, en Nogales Arizona, habían areas severamente 
más degradadas que en Nogales, Sonora. 





The  population  in  urban  areas  along  the  U.S.-Mexican  border  has  grown  at  an 
unprecedented pace over the last few decades.  Currently more than 12 million people are living 
immediately  adjacent  to  the  border  (Baker  Institute  2009).  It  was  reported  that  the  border 
population doubled every 16.5 and 21 years in Mexico and the United States respectively between 
1950 and 1980 whereas the same rate of growth was observed every 23 and 33 years between 1980 
and 2005 (Anderson and Gerber 2008; Gerber 2009). Even though both sides experienced a slowing 
growth pattern during the latter period, growth rate in Mexico was significantly higher than that in 
the United States between 1950 and 2005. The urban growth that began with the emergence of 
maquila  industries  and  passage  of  the  North  American  Free  Trade  Agreement  (NAFTA)  has 
resulted in drastic land-use
1 and land-cover
1 change across the border region (Esparza et al. 2001).  
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This  type  of  land-use  and  land-cover change  has  been  extensive in  paired  border  cities  posing 
serious challenges for urban planning and urban management. These challenges include problems 
with  air  quality,  unregulated  settlements,  inadequate  infrastructure,  and  increased  land  surface 
temperatures, among others (Collins et al. 2005; De Roo et al. 2001; Lahmer et al. 2001).  
The  border  region  covers  a  wide  range  of  physical  settings  and  habitats.  The  physical 
landscape comprises wetlands, deserts, rangeland, mountains, and forests that are unique in terms of 
the diversity of their water, mineral, and biological resources (Schmitt et al. 2004). The native flora 
and fauna along the border region is also varied. Population growth, industry, and mining, however, 
are contributing to a rapid rate of species loss through dewatering, habitat destruction, ecosystem 
fragmentation,  and  pollution  (Mac  et  al.  1998).  This  impact  of  human  action  on  the  natural 
environment in both the countries is referred as “trans-border spillover” that has become the focus 
of attention to the policy makers in both countries (Blatter and Norris 2000). 
The rapidly growing metropolitan regions along the 1,952-mile border, which is one of the 
most environmentally stressed areas in the world, present many environmental management and 
urban planning challenges. Habitat fragmentation, endangered plant and animal species, air quality, 
hazardous waste, and water and soil contamination are issues for many border communities. People 
residing along the border suffer from exposure to poor air and water quality, residual agricultural 
pesticides, soil salinities, and heavy metal contaminants (U.S. EPA 2003). In addition, local and 
regional governments on both sides of the border struggle to meet growing demands for water, 
sewage, health care, roads, housing, and other services  (U.S.–Mexico Border Counties Coalition 
2008). 
The regions on both side of the border are interconnected economically and socially owing 
to their binational heritage. However, the disparity of economic resources between the two countries 
affects infrastructure development and quality-of-life issues. While the northern region of Mexico is  
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more affluent than the rest of the country, the U.S. border counties are among the poorest in the 
United States (U.S. EPA 2006).  
Researchers have studied various aspects of the consequences of rapid urban growth along 
the border, such as air quality (U.S. EPA 2006), water quality (Reynolds 2000), soil contamination, 
and hazardous waste (Guhathakurta et al. 2000). Esparza et al. (2001) explored the impact of maquila 
industries on residential and commercial land-use in Mexican border cities and found that residential 
land in the city was overdeveloped while commercial land was underdeveloped. Recently much 
research has been done in the Ambos Nogales watershed such as modeling land-use change and 
associated  water  quality  impacts,  colonia  development  and  settlement  patterns,  and  modeling 
nonpoint source pollution (Norman 2005; 2007). A coupled-model
2 approach that links an urban 
growth  model  and  erosion-sedimentation  model  has  also  been  adopted  to  control  sediment 
dispersion in the binational watershed (Norman et al. 2008). However, literature on the comparative 
study of patterns and rates of land-use and land-cover change in relation to urban growth, land 
degradation, and deforestation between paired border cities is rare. Norman et al. (2009) attempted 
to quantify changes in urban growth in Ambos Nogales but adjacent land use changes have not been 
documented.  Norman  and  Wallace  (2008)  described  the  process  of  creating  a  high-resolution, 
binational land-cover dataset that will be used in modeling the Ambos Nogales watershed for a 
better management plan in the region. Continuous urban growth not only reduces the amount of 
open space, and vegetation, but threatens the scenic, historic, and biological value of such areas. 
Hence, this study seeks to answer how patterns and rates of land-use and land-cover change, in 
relation to urbanization, have varied over different time periods (1985, 1991, 1995, 2000, and 2004) 
between the two Nogales regions. The Getis index (Gi) approach (Getis and Ord 1992) that can 
characterize  spatial  patterns  of features and  identify  clusters of points with similar attributes  to 




Overview of Study Area 
  The study area consists of the paired border cities of Nogales, Arizona and Nogales, Sonora 
and their regions (Figure 1). These two cities are collectively referred to as Ambos Nogales (Both 
Nogales). Ambos Nogales is among the largest rapidly growing urban areas on the Arizona-Sonora 
border. The emergence of maquiladora in Nogales, Sonora, which was the largest center of Sonora’s 
maquila industries until 1990 and passage of the North American Free Trade Agreement (NAFTA) 
in 1994, has resulted in massive population growth that has overwhelmed urban infrastructure and 
increased social pathologies in the urban area.  
  The cities have dissimilar demographic characteristics. Nogales, Sonora population growth 
rate has been much more explosive than that of Nogales, Arizona (Figure 2). The population of 
Nogales, Arizona grew from 15,683 to 19,489 between 1980-1990 with annual growth rate of 24.3 
percent and from 19,489 to 20,878 between 1990-2000 with annual growth rate of 7.1 percent (U.S. 
Census Bureau 2007) whereas Nogales, Sonora grew from 68,076 to 107,119 between 1980-1990 
with a much higher growth rate of 57.4 percent and from 107,119 to 159,787 between 1990-2000 
with growth rate of 49.2 percent (INEGI 2005).  
The rapid population growth in the Ambos Nogales region is a consequence of migration 
from the  central  cities of Mexico (Collins  et al. 2005:  2).  The passage of the  U.S.  Immigration 
Reform  and  Control  Act  in  1986  granted  amnesty  to  undocumented  residents  as  a  means  of 
encouraging migrant families to settle in the United  States (Norman 2005). Therefore, migrants 
came to Nogales, Sonora in search of work in maquila industries and often illegally migrated to seek 
better opportunities for employment across the border in the United States. Such migration created 
severe implications for Arizona border cities, which struggled to absorb the impacts of illegal human 
and vehicular traffic within unique and environmentally sensitive areas.   
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The  growing  urban  population  triggered  extensive  urban  development  to  fulfill  maquila 
workers  and their families’  housing and commercial  needs. This resulted in  the replacement  of 
vegetation and open spaces to accommodate new residential and commercial land-uses. The needs 
of the growing population also drastically exceeded the growth of infrastructure on both sides of the 
border (Collins et al. 2005: 2). 
 
Methodology 
This study uses remote sensing and spatial analysis techniques to detect the general trends of 
land-use and land-cover changes over the past 20 years. In the study seven broad categories of land-
use and land-cover classes, namely: (1) Urban; (2) Agriculture/Grassland; (3) Riparian vegetation
3; 
(4) Woodland; (5) Shrubs; (6) Exposed Soil; and (7) Water were selected. Agriculture and grassland 
were combined as one class since both classes are not only similar in their spectral responses (similar 
appearances in Landsat TM images) but also closely associated in terms of green vegetation biomass. 
 
Remotely Sensed Data  
A series of Landsat (TM) images at 28.50 m spatial resolution acquired on different dates (20 
October 1985, 1 July 1991, 2 February 1995, 3 September 2000, and 20 July 2004) were used for this 
study. Six channels of Landsat (TM): blue – band 1(0.45 – 0.52 μm), green – band 2 (0.52 – 0.60 
μm), red – band 3 (0.63 – 0.69 μm), near infrared – B4 (0.75 – 0.90 μm), mid infrared – B5 (1.55 – 
1.75 μm), and mid infrared – B7 (2.09 – 2.35 μm) were selected. The thermal infrared – B6 (10.4 – 
2.50 μm) was not used because of its coarser resolution. Figures 3(a) to 3(e) show the selected 
Landsat TM images over the study area. The study area spans the total area of 77,861 hectares: 
40,911 hectares in Arizona , 36,950 hectares in Sonora.   
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Even though the selected Landsat (TM) images were ortho-rectified, images for the year 
1995 and 2004 were found to be more than one pixel off when overlaying with other images, thus 
the 1995 and 2004 images were co-registered with the images for the other years (1985, 1991, and 
2000) to minimize the locational error. 
 
Getis spatial statistics 
Traditional pixel-by-pixel techniques require a homogeneous group of pixels as a training 
sample that represents a single class. However, it is difficult to define a suitable training set with 
homogeneous  pixels  representing  a  single  land-use  class  within  urban  environments  because  of 
variation in the spectral response of their component land-cover types (Foster 1985; Gong and 
Howarth  1990;  Barnsley  et  al.  1991;  Myint  and  Lam  2005).  Spatial  autocorrelation  techniques 
(Moran’s I, Geary’s C, and the Getis index) can measure the possible clusters of land cover classes to 
coexist as a single land-use class. Myint et al. (2007) examined the potential of supplementing per-
pixel classifiers with the Getis index (Gi) in comparison to the Geary’s C and reported that no single 
spatial analysis approach is optimal for all applications. The research reported on here employed the 
Getis index (Gi) approach since this approach measures spatial arrangements of surface features 
more effectively and is capable of detecting the presence of hot spots or a group of bright pixels 
(e.g., a sand dune in the red visible band) and cold spots or a group of dark pixels (e.g., deep water in 
red visible band) and is more effective in identifying clusters of points with similar attributes (Lee 
and Wong 2001). This approach can be expected to improve the classification accuracy since some 
of the selected classes contain spectral responses from different land-cover types. For example, 
roads,  houses,  grasses,  shrubs,  trees,  bare  soil,  driveways,  swimming  pools,  parking  lots,  and 
sidewalks, each of which may have a completely different spectral response, need to be considered 
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The G-statistic is defined by a distance, d, within which areal units can be regarded as neighbors of i. 
The weight wij (d) is 1 if areal unit j is within d and is 0 otherwise. Some of the xi, xj pairs will not be 
considered in the calculation of the numerator if i and j are more than d away from each other. 
However, the calculation of the denominator includes all xi, xj pairs within a local moving window 
or a neighborhood under consideration regardless of the distance between i and j. The index ranges 
from very small numbers near 0, when low values are near one another (cold spots), to near 1 when 
high values are near one another (hot spots). We used a supervised approach to evaluate different 
band combinations. The best band combination was used to test the combination of the original 
spectral bands and the Gi approach using different window sizes. The best band combination of the 
original spectral bands and the Gi approach with the optimal window size was employed to identify 
the selected land-use and land-cover classes for the rest of the years. 
 
Spectral-based Classification Approach 
  A supervised classification, with parallelepiped and maximum likelihood decision rule was 
first performed on the 2004 image using different band combinations: (a) all the original bands (b) 
bands 5, 4, 3 and (c) bands 4, 3, 2 in order to evaluate which band combination provides the highest 
overall accuracy. The same training samples were used for all types of band combination in order to  
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be  consistent  and  for  precise  comparison  purposes.  The  results  of  the  supervised  classification 
indicated  that  the  classified  features  were  matched  well  with  the  corresponding  features  in  the 
satellite image. For evaluation of the classified land-use and land-cover maps, error matrices were 
prepared with a total of 200 points. A minimum of 25 sample points per class were selected using a 
stratified random sampling technique. These sample points were displayed on the original Landsat 
(TM) image with the use of local area knowledge and the Google earth map to assess the accuracy. 
We also checked and confirmed with researchers who are familiar with general land-use and land-




4, and Kappa coefficient
4, and provided the 
accuracy assessment of each approach. 
 
Combination of Spectral and Spatial Approach 
The Gi approach with different window sizes (3x3, 5x5, 7x7, 9x9, and 11x11 pixels) was 
examined over the subset of band 5, band 4, and band 3. In this study, the Gi index was computed 
for a particular window (e.g., 7x7) using all pixel values within that window, and the resulting index 
value  then  assigned  to  the  center  pixel  of  a  new  Gi  index  image.  The new  Gi  index  image  is 
generated by moving the window from the top left corner of the original image and moving it over 
each pixel in the image. We performed the evaluation of different window sizes to determine the 
optimal window size to identify the selected classes.  Windows are commonly used in digital image 
processing  to  determine  the  local  information  content  around  a  center  pixel.  However,  the 
identification of an approach for determining an optimal window size a priori classification is highly 
uncertain (Gong and Howarth, 1992). The best option to select which window to be considered for 
a particular classification would be to test different window sizes using the same satellite data and 
the selected classes as a trial and error approach (Myint, 2010). It should be noted that the local  
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window is always an odd number because the identified class number needs to be assigned to the 
center pixel of the window. Figures 4(a) to 4(e) show Gi-transformed images of visible red band 
(2004 Landsat) generated by 3x3, 5x5, 7x7, 9x9, and 11x11 windows. The current study did not 
employ any window size larger than 11x11 because we believe that a local window size larger than 
11x11 may not be very effective in providing spatial arrangements of internal or texture features of 
all selected land-use and land-cover types in 30-m spatial resolution satellite data. The selection of 
the local window is based on the nature of the study area, type of classes, characteristic scale of 
spatial  features  (or  minimum  distance  between  two  pixels  to  identify  one  class),  and  spatial 
resolution of the data (Myint et al. 2007). The generated Gi-transformed images with bands 5, 4, and 
3  were  combined  with all  the  original  bands. The same  supervised  classification approach  with 
parallelepiped and maximum likelihood decision rule was performed over the images generated by a 
combination of all the original bands and Gi-transformed bands for different window sizes (i.e., 3x3, 
5x5, 7x7, 9x9, and 11x11). In this study, Gi index is computed within a particular window (e.g., 7x7), 
and the resulting index value is assigned to the center. The local window starts from the top left 
corner of the image, and the window moves throughout the image. We performed the evaluation of 
different window sizes to determine the optimal window size to identify the selected classes. The 
same training samples that were employed in the traditional spectral-based approach were used in 
the Gi approach. We also used a total of 200 randomly selected points with a minimum of 25 sample 
points per class to perform an accuracy assessment for different window sizes of the Gi approach. 
 
Land-use Land-cover Change Detection and Land Degradation 
The land-use and land-cover classified maps of different time periods were next analyzed to 
determine the trend of land-use and land-cover change from 1985 through 2004 in Ambos Nogales. 
Across-tabulation was prepared to determine which land-use and land-cover class of the earlier date  
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has been replaced by which new class. To assess the land degradation potential of land-use and land-
cover patterns in Ambos Nogales, raster GIS modeling using matrices of land-use and land-cover 
classes over different time periods was performed. Land degradation is defined here as a decline in 
the quality of the soil to support vegetation growth that can provide protection against soil erosion, 
soil nutrient depletion, storm water pollution, deforestation, air pollution, urban heat island effects, 
carbon release, drought, and desertification. We measure susceptibility of land degradation in terms 
of the level of green vegetation biomass ranging from short grass to large trees. Exposed soil or 
barren land is defined here as open land without vegetation that can potentially lead to a serious 
stage of land degradation. Hence, the exposed soil category is considered the lowest level in rating 
land degradation. However, there is a slight chance that there may be some confusion with land 
under preparation for the next agriculture crop or for urban development. The class values represent 
the ratings assigned to each intersecting case of land-use and land-cover change trajectory and the 
level of land degradation. Again, this rating was made on the basis of vegetation status changes. We 
would like to clarify that these subjective ordinal ratings could have been somewhat biased to be 
conservative estimates of land degradation potential. The intent here was to provide an indication of 
potential problem areas for a sustainable land management in the region. 
First, a matrix was prepared between all land-use and land-cover classes in 1985 and 1991. 
The output of this matrix was further used to prepare an extended matrix of land use/land cover 
change between 1985-1991 and 1995. This procedure was continued until the final matrix between 
1985-1991-1995-2000 and 2004 was created (Table 1). The land degradation potential was then 
evaluated on a scale from 1 to 6 where 1 = highly stable, 2 = stable, 3 = low, 4 = moderate, 5 = 
moderate-high,  and  6  =  high.  Areas  under  the  first  two  categories  are  not  susceptible  to  land 
degradation whereas the latter ones represent different levels of land degradation from low to high. 
Table 2 shows examples of how these values of land degradation potential were assigned in the  
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matrix (1985-1991-1995-2000-2004). A situation in the matrix where woodland or shrubs in 1985 
remained the same in 2004 or any classes in 1985 that became forest or shrubs in 2004 was assigned 
a rate 1 or 2. In addition, if woodland became shrubs or agriculture, it was given a rank 3 and 4 
respectively. If any class in 1985 became exposed soil in 2004 it was given a rate of 5 or 6. A 
situation where urban remained urban or agriculture remained agriculture was assigned a rate of 4. A 
recoded map of the land degradation potential with values 1-6 was then prepared. The study area 
was divided at the border in order to analyze the land degradation in Nogales, Arizona and Nogales, 
Sonora separately. 
 
Results and Discussion 
Classification Approaches 
Producer’s accuracy, user’s accuracy, overall classification accuracy, and Kappa coefficient 
were generated for the spectral-based approach (Table 3). The overall classification accuracies for all 
the original bands, band combination 5, 4, 3, and band combination 4, 3, 2 were found to be 88.0%, 
91.5%, and 87.5% respectively. In this band combination water and exposed soil categories gave the 
highest producer’s accuracy (100%) and urban category gave the lowest producer’s accuracy (78.1%). 
Furthermore,  the  highest  user’s  accuracy  (100%)  and  the  lowest  user’s  accuracy  (85.2%)  were 
produced by water and exposed soil respectively. The band combination 5, 4, 3 achieved the highest 
Kappa coefficient (0.90), which implies that an observed classification for the band combination 
5,4,3 is on average 90% more accurate than one resulting by chance. The band combination 5, 4, 3 
was found to be the best to classify the selected land use and land cover classes. Therefore, band 
combination 5,4,3 was used to perform the Gi approach with different window sizes. 
The overall classification accuracies for the Gi approach for windows 3x3, 5x5, 7x7, 9x9, and 
11x11  were  found  to  be  86.5%,  94.5%,  90.5%,  86.0%,  and  76.5%  respectively  (Table  4).  The  
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window size 5x5 achieved the highest overall accuracy (94.5%) and the highest Kappa coefficient 
(0.94).  It  was  found  that  the  2004  image  with  the  combination  of  all  original  bands  and  Gi-
transformed bands 5, 4, 3 using window size 5x5 increased the overall accuracy to 94.5% from 
91.5% that was achieved through spectral bands alone. Therefore, the study used the combination of 
all original bands and Gi-transformed bands 5,4,3 with window size 5x5 for the land-use and land-
cover classification of the other images (i.e., 1985, 1991, 1995, and 2000). All other images were 
classified using the same methodology that was used for the classification of 2004 image. Table 5 
provides  the  producer’s  accuracy,  user’s  accuracy,  overall  classification  accuracy,  and  Kappa 
coefficient that were generated for the accuracy assessment of all the different images. The overall 
classification accuracy for the year 1985, 1991, 1995, 2000, and 2004 was found to be 90.0%, 93.5%, 
94.0%, 90.5%, and 94.5% respectively. The classification accuracies of all the selected images were 
above the  minimum accuracy of 85% required  for the  most resource  management  applications 
(Anderson et al., 1976; Townshend, 1981). The riparian vegetation class was then combined with 
woodland class for further analysis since both vegetation types are similar in terms of density, green 
vegetation  biomass,  and  height  in  this  arid  region.  Table  6  shows  the  land-use  and  land-cover 
classification areas for all the available years. 
 
Land-use Land-cover Change Detection and Land Degradation 
Tables 5, 6, and Figure 5 show the growth of urban land use in Ambos Nogales from 1985 
through 2004. The urban areas grew slowly during 1985-1991 and more rapidly during 1995-2004, 
probably as a result of the NAFTA implementation in 1994 (Figure 6). Between 1985 and 2004 the 
total urban area almost doubled from 4,005 hectares to 7,413 hectares. The net increment in urban 
land between 1985 and 2004 is estimated to be 3,408 hectares, representing an increase of 85.1% for 
the entire period (Table 7). In addition, about 35.9% woodland and 66.2% agriculture/grassland  
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have decreased over the same period. In contrast, shrub-covered areas have increased by 33.8% in 
the Ambos Nogales region during this period. Furthermore, 6.7% of exposed soil (barren land) has 
decreased during this period, which could be considered as good for the region’s development. 
However, conversion from woodland to other land-use classes should be considered a serious issue 
especially because it contributes to climate change and increases urban heat island effects (Hale et al. 
2006, 2008; Lin et al. 2008). 
To  compare  land-use  and  land-cover  change  between  Nogales,  Arizona  and  Nogales, 
Sonora, the study area was divided at the U.S.-Mexico border. During 1985-1991, and 1991-1995 
less than 4.0% of agriculture and grassland area was converted into urban area, which was almost the 
same in both the border cities (Table 8). The greatest difference, however, appeared during 1995-
2000 when 6.9% agriculture and grassland in Nogales, Arizona compared to 54.6% agriculture and 
grassland in Nogales, Sonora was converted into urban. This large difference in urbanization rates is 
probably a result of the passage of NAFTA, which may have influenced settlement in Nogales, 
Sonora, since its implementation in 1994. Organic growth, which is the most common type of urban 
development, occurs through urban infilling and along urban edges in Nogales, Sonora. Regarding 
this urban development, smaller urban clusters grew outward and joined other smaller clusters to 
make larger clusters, which represents massive urban edge growth. However, urban growth on the 
U.S.  side  was  more  related  to  road  influenced  growth  that  defines  the  occurrence  of  urban 
development along a transportation network because of increased accessibility. However, conversion 
of woodland areas (less than 2.14% in Nogales, Arizona and 2.84% in Nogales, Sonora) and shrubs 
(less than 3.15% in Nogales, Arizona and 4.01% in Nogales, Sonora) into urban land was similar in 
both cities during 1985-2000. These conversion rates changed during 2000-2004, when about 6.5% 
woodland and 6.0% shrubs were converted into urban area in Nogales, Arizona while in Nogales, 
Sonora,  only  0.77%  woodland  and  1.9%  shrubs  converted  into  urban  during  that  period.  
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Furthermore,  during  1985-2000  Nogales,  Sonora  experienced  more  exposed  soil  in  terms  of 
percentage converted into urban land than that of Nogales, Arizona. However, during 2000-2004, 
Nogales, Arizona had more exposed soil converted into urban than that of Nogales, Sonora (Table 
8). We do not fully understand why the rate of change from all other land categories to urban in 
Nogales, Arizona, is higher than that of Nogales, Sonora. This is probably due to the fact that the 
pattern of infrastructure especially road networks (Figure 7a and 7b) in Nogales, Arizona is more 
widely and evenly distributed than those in Nogales, Sonora. 
  The results revealed that in terms of the highly stable category, both cities were similar with 
5,570 hectares (14%) in Nogales, Arizona and 5,556 hectares (15%) in Nogales, Sonora (Table 9). 
However, under the stable category, Nogales, Arizona was more stable with 7,193 hectares (18%), 
which is double the area of 3,230 hectares (9%) in Nogales, Sonora. Furthermore 50% of land in 
Nogales, Arizona was found under the low category whereas Nogales, Sonora had 67% in this 
category. The last two categories indicated that Nogales, Arizona had a higher percentage of land 
degradation (9% and 7%) than Nogales, Sonora (4% and 1%). The output maps of land degradation 
for the border cities are displayed in Figure 8. The majority of land (84% in Nogales, Arizona and 
95% in Nogales, Sonora) was observed under the first four categories (i.e., highly stable, stable, low, 
and  moderate).  Based  on  the  third  and  forth  level  of  land  degradation  (low  to  moderate  land 
degradation), it can be concluded that Nogales, Sonora has experienced more land degradation than 
that of Nogales, Arizona. Moreover, Nogales, Sonora has about half the area ranked “stable” as that 
of the Arizona side of the border, and it has a greater area experiencing “low” degradation. This is 
most likely due to increasing migration from the central  cities of Mexico in  search of work  in 
maquila  industries  and  opportunities  for  employment  across  the  border  in  the  United  States 
(Esparza et al. 2001). The growing urban population in Mexico triggers extensive land-use and land-
cover changes, such as displacement of agriculture and grassland, deforestation and expansion of  
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residential and commercial land-uses in order to fulfill maquila workers and their families’ housing 
and commercial needs. 
  A morphological difference exists in the pattern of degradation exhibited in Figure 8a and 
8b,  as  the  degradation  in  Sonora  occurs  in  the  peri-urban  area  while  in  the  U.S.  it  is  spread 
throughout the surrounding rural hill slopes. Such a pattern would logically be explained by the 
characteristic uncontrolled urbanization in Mexico. Surprisingly, there were higher percentages of 
more  severe  land  degradation  (moderate-high  and  high  land  degradation  categories)  found  in 
Nogales, Arizona than in Nogales, Sonora. As mentioned earlier, the pattern of road networks in 
Nogales, Arizona is more widely and evenly distributed than those in Nogales, Sonora, and it seems 
that woodlands, shrubs, and other vegetated areas along newly established roads were converted to 
other categories such as urban land uses or land under preparation for new urban development 
throughout the study area in Arizona. By visual comparison of the output maps it was observed that 
the areal extent of exposed soil category in Nogales, Arizona was higher in 2004 than the previous 
years. In general, there is greater shrub cover with less exposed soil on the Sonora side. This could 
have been due to the fact that there are different grazing activities and livestock and agricultural 
management practices in the two sides. Most barren land or unmanaged soil areas were found in the 
northwest and east or southeast part of Nogales, Arizona where undulating landscapes dominate. 
We believe this is a considerable environmental issue that could potentially affect micro climate, land 




  Results from the current study support the existing literature that the Gi approach improves 
classification accuracy over the traditional approach. Using traditional image classification, the band  
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combination 5, 4, 3 achieved the highest overall accuracy (91.5%), which is an acceptable level of 
accuracy. However, Gi approach using a 5x5 window increased the accuracy to 94.5%. The study 
revealed  that  a  window  size  larger  than  5x5  decreased  the  classification  accuracy  and  was  not 
effective in providing spatial arrangements of internal features or texture of the selected land-use 
and land-cover classes. This study suggests that a combination of all the original bands (spectral 
information)  and  Gi-transformed  bands  (spatial  information)  outperforms  spectral  information 
alone. Furthermore, the study confirms that Gi approach is capable of distinguishing hot spots and 
cold spots and identifying clusters of points with similar attributes over the entire image.  
  The study of land-use and land-cover change during 1985-1995 found that Ambos Nogales 
had  a  similar  conversion  rate  (less  than  4%)  from  agriculture  and  grasslands  to  urban  areas. 
However, it was found that during 1995-2000 the conversion rate from agriculture and grasslands 
into urban areas in Nogales, Sonora (54.6%) was almost eight times higher than in Nogales, Arizona 
(6.9%). Hence, the study supports the fact that NAFTA may have influenced urban growth and 
land-use and land-cover change in Nogales, Sonora, since its implementation in 1994. This rapid 
growth could have been a result of the formation of illegal or informal settlements  due to the 
availability of new jobs and uncontrolled growth around the urban area. 
  The  increasing  urban  growth  trend  may  contribute  to  regional  economic  growth  but 
decreasing  woodlands,  shrubs,  agriculture,  and  grasslands  due  to  urban  growth  poses  serious 
concerns  about  environmental  degradation  and  ecological  health.  Furthermore,  the  continued 
expansion  of  Ambos  Nogales  places  strains  on  the  existing  land-use  and  land-cover  classes  to 
accommodate growth. In relation to land degradation the study demonstrated that both cities have 
experienced high levels of land degradation. There were significantly large exposed soil areas or 
unmanaged land observed in Nogales, Arizona whereas there is almost no occurrence of the same 
land category in Nogales, Sonora in 2004. It was observed that land on the Arizona-side has been  
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more stable and less degraded given that it included the larger share of low and moderate land 
degradation  categories  than  on  the  Sonora-side  during  1985  through  2004.  The  degradation  in 
Sonora occurs in the peri-urban area whereas it is spread throughout the surrounding rural areas in 
the U.S. that there has been a significant urbanization in Mexico over the past two decades. In 
contrast, there were more drastically degraded lands or higher percent area coverage of severe land 
degradation found in Nogales, Arizona than in Nogales, Sonora. It should be noted that the truly 
degraded land areas identified in both Nogales, Arizona and Nogales, Sonora need serious attention. 
These areas need to be considered environmentally sensitive areas requiring effective management 
plans, including reforestation, afforestation, erosion control, plantation management, smart urban 
growth, and environmentally-friendly agriculture practices to ensure a sustainable future. 
For sustainable development in the region, future urban planning and management should 
be based on a scenario that protects environmentally sensitive lands, such as woodlands, shrubs, 
national parks, wetlands, water bodies, rangelands, and floodplains while slowing down the urban 
growth rate and altering the growth factors to minimize the occurrence of massive edge growth in 
the cities. There is a need to formulate better planning strategies and law enforcement actions to 
protect  woodlands  and  shrubs  in  Nogales,  Arizona  and  encourage  more  developments  and 
urbanization  in  open  land  areas  in  Nogales,  Sonora.  Another  option  would  be  to  encourage 
conversion from vacant lands within the cities to residential areas so that urban expansion can be 
minimized.  We  believe  that  the  findings  from  this  study  span  all  of  the  research  issues  of  the 
Southwest Consortium for Environmental Research and Policy (SCERP) that focuses on the applied 
border environmental research: hazardous management; ecosystem services; emergency response; 
land use planning efforts, air quality; water quality; and natural resource management. 
This  study  provides  some  valuable  information  for  planning  in  the  binational  Ambos 
Nogales region. By having clearly defined areas with different levels of land degradation, planners  
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can more carefully delineate the areas that are suitable for urban development of various types and 
other areas that should be off limits to development. For example, urban morphology and planning 
direction in Nogales, Arizona will probably follow a linear path that follows the most intensively 
degraded areas that also happen to be close to highways. More intensive urban uses should occupy 
such  already  degraded  areas  and  preserve  the  greenfield.  In  this  case,  given  the  proximity  to 
transportation infrastructure, the option for intensive development becomes more realistic. On the 
Nogales, Sonora side, more attention should be paid to controlling irregular settlements and to 
revegetation of less degraded areas. This will protect the settlements from increased heat island 
effects, reduce pollution, and preserve the hydrological systems. In summary, the knowledge of areas 
that are sensitive and those that are already intensively degraded will determine the future direction 








(1) Land cover: represents the type of features present on the surface of the earth (e.g., lakes, maple 
trees, grassland, concrete highways) whereas land use: is defined as the human activity or economic 
function associated with a particular portion of land (e.g., urban, agriculture) (Lillesand et al., 2008). 
 
(2) Coupled model is defined as a model that integrates two different models to assess, simulate, or 
predict future trends that can be expected to be more effective and/or efficient than the single 
model alone. 
 
(3) Riparian vegetation is the plant community and its ecosystem that occurs along a waterway and 
functions to buffer the water body ((Nair, 1994). Its biophysical and hydrological characteristics and 
spectral signatures in remotely sensed images are different from that of usual vegetation covers such 
as shrubs and trees (Weber and Dunno, 2001). Hence, we identified riparian vegetation cover as a 
separate class. 
 
(4) The overall accuracy is the total number of correctly classified samples divided by the total 
number of samples. This accuracy reflects how accurately a map was prepared as a whole. The 
producer’s accuracy is the number of correctly classified pixels of a particular class divided by the 
total number of reference pixels for that class. It is a measure of the error of omission. The user’s 
accuracy  is  an  alternative  measure  for  individual  class  accuracy.  It  is  the  number  of  correctly 
classified pixels of a particular class divided by the total number of samples being classified as that 
class. It measures the error of commission. The Kappa coefficient of agreement is similar to the  
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overall accuracy and indicates how accurately a map was prepared in comparison to a map resulting 
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Figure 1. Study Area: Nogales, Arizona and Nogales, Sonora. Source: Nogales, Arizona:  US Urban 
Areas, US Census, 2000; Nogales, Sonora:  Mexico Urban Areas, Proyecto México Información 
Cartográfica Digital, 2008. 
 
Figure 2. Population Growth in Ambos Nogales, 1940-2000 
(Sources: Instituto Nacional de Estadística Geografía e Informática (INEGI) 1990; 2000, United 
States Census Bureau 1990; 2000, and Arreola and Curtis, 1993). 
 
Figure 3. Selected Landsat images displaying channel 4 (0.76 – 0.90 μm) in red, channel 3 (0.63 – 
0.69 μm) in green, and channel 2 (0.52 – 0.60 μm) in blue: (a) 20 October 1985; (b) 1 July 1991; (c) 2 
February 1995; (d) 3 September 2000; (e) 20 July 2004. 
 
Figure 4.Gi-transformed images of visible red band (2004 Landsat): (a) 3x3 window, (b) 5x5 window, 
(c) 7x7 window, (d) 9x9 window, (e) 11x11 window. 
 
Figure 5. Land-use and land-cover change in Ambos Nogales: 1985 through 2004. 
 
Figure 6. Classified land-use and land-cover maps: (a) 1985; (b) 1991; (c) 1995; (d) 2000; (e) 2004.  
 
Figure 7. Road network layers: (a) Nogales, Arizona; and (b) Nogales, Sonora. Source: The road map 
for the U.S. side was downloaded from the United States Census Bureau’s TIGER shape files and 
the road map for the Mexico side was digitized from USGS, 7.5’ series Topographic sheet (Arizona-










Table 1. Land-use and land-cover change matrices (1985 through 2004) to assess the land 
degradation in Ambos Nogales 
 
Table 2. Land degradation potential assigned to matrix 1985-1991-1995-2000-2004 
 
Table 3. Accuracy assessment of traditional spectral-based approach: all the original bands, bands 5, 
4, 3 and bands 4, 3, 2 performed over the 2004 image. 
 
Table 4. Accuracy assessment of Getis Index approach using different window sizes over 2004 
image. 
 
Table 5. Accuracy assessment of Getis Index approach using a 5x5 window for 1985, 1991, 1995, 
2000, 2004 images. 
 
Table 6. Land-use and land-cover classification areas for the years: 1985, 1991, 1995, 2000, and 2004 
in Ambos Nogales 
 





Table 8. Land transformation of land-use and land-cover classes into urban area: Nogales, Arizona 
and Nogales, Sonora, (a) 1985-1991; (b) 1991-1995; (c) 1995-2000; and (d) 2000-2004 
 











Figure 4. Population Growth in Ambos Nogales, 1940-2000 
Sources: Instituto Nacional de Estadística Geografía e Informática (INEGI) 1990; 2000, United 
















Figure 3. Selected Landsat images displaying channel 4 (0.76 – 0.90 μm) in red, channel 3 (0.63 – 
0.69 μm) in green, and channel 2 (0.52 – 0.60 μm) in blue: (a) 20 October 1985; (b) 1 July 1991; (c) 2 
February 1995; (d) 3 September 2000; (e) 20 July 2004. Note: Top rectangle box = Nogales, Arizona; 
Lower rectangle box = Nogales, Sonora.  
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Figure 4.Gi-transformed images of visible red band (2004 Landsat): (a) 3x3 window, (b) 5x5 window, 




Table 1. Land-use and land-cover change matrices (1985 through 2004) to assess the land 




11 111 1111 11111
12 112 1112 11112
13 113 1113 11113
14 114 1114 11114
15 115 1115 11115
16 116 1116 11116
21 121 1121 11121
22 122 1122 11122
23 123 1123 11123
.. … …. …..
.. … …. …..
.. … …. …..  
1 = Urban; 2 = Agriculture/Grassland; 3 = Forest; 4 = Shrubs; 5 = 
Exposed Soil; 6 = Water  
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Table 2. Land degradation potential assigned to matrix 1985-1991-1995-2000-2004 
1985 1991 1995 2000 2004 Land degradation potential (intensity)
3 3 3 3 3 highly stable (1)
* * 3 3 3 highly stable (1)
* * * 3 3 stable (2)
4 4 4 4 4 stable(2)
* * 4 4 4 stable(2)
6 6 6 6 6 stable (2)
* * * 2 2  low (3)
* * 2 2 2 low (3)
1 1 1 1 1 moderate (4)
2 2 2 2 2 moderate (4)
* * 5 5 5 degraded (5)
* * * 5 5 degraded (5)
5 5 5 5 5 highly degraded (6)
* 5 5 5 5 highly degraded (6)  
1 = Urban; 2 = Agriculture/Grassland; 3 = Forest; 4 = Shrubs; 5 = Exposed Soil; 6 





Table 3. Accuracy assessment of traditional spectral-based approach: all the original bands, bands 

















U 83.9 92.9 0.92 78.1 92.6 0.91 79.3 85.2 0.83
A/G 95.2 80.0 0.78 95.8 92.0 0.91 92.6 100.0 1.00
RV 77.4 96.0 0.95 88.5 92.0 0.91 100.0 92.3 0.91
S 89.2 84.6 0.81 87.5 89.7 0.87 76.9 79.0 0.74
F 84.4 87.1 0.85 96.7 90.6 0.89 80.7 78.1 0.74
ES 91.7 81.5 0.79 100.0 85.2 0.83 92.0 85.2 0.83
W 100.0 96.0 0.95 100.0 100.0 1.00 100.0 100.0 1.00
Ovr Kap 0.86 0.90 0.85
Ovr Acc (%) 88.0 91.5 87.5
Traditional Approach (different band combinations)
All original bands Band 5,4,3 Band 4,3,2
 
U = Urban; A/G = Agriculture/Grassland; RV = Riparian Vegetation; S = Shrubs; F = Forest; ES 
= Exposed Soil; W = Water; Pro Acc = Producer's Accuracy; Usr Acc = User's Accuracy; Kap = 
Kappa statistics; Ovr Kap = Overall Kappa statistics; Ovr Acc = Overall Accuracy 
 
 






































U 90.9 71.4 0.68 87.1 96.4 0.96 89.3 89.3 0.88 80.7 86.2 0.84 76.0 65.5 0.61
A/G 85.7 96.0 0.95 100.0 100.0 1.00 85.2 92.0 0.91 95.7 88.0 0.86 89.5 68.0 0.65
RV 89.3 100.0 1.00 96.2 100.0 1.00 89.3 100.0 1.00 86.2 100.0 1.00 67.6 100.0 1.00
S 75.6 87.2 0.83 94.7 92.3 0.91 89.7 89.7 0.87 80.5 84.6 0.81 72.5 74.4 0.68
F 83.3 78.1 0.74 87.9 93.6 0.92 93.1 87.1 0.85 78.1 83.3 0.80 66.7 86.7 0.83
ES 91.3 80.8 0.78 100.0 81.5 0.79 88.9 88.9 0.87 90.5 70.4 0.67 87.5 77.8 0.75
W 100.0 96.0 0.95 100.0 100.0 1.00 100.0 88.0 0.87 100.0 92.0 0.91 100.0 64.0 0.61
Ovr Kap 0.84 0.94 0.88 0.84 0.72
Ovr Acc (%) 86.5 94.5 90.5 86.0 76.5
11x11
Original bands and Gi-transformed bands 5,4,3 (different window sizes )
3x3 5x5 7x7 9x9
U = Urban; A/G = Agriculture/Grassland; RV = Riparian Vegetation; S = Shrubs; F = Forest; ES 
= Exposed Soil; W = Water; Pro Acc = Producer's Accuracy; Usr Acc = User's Accuracy; Kap = 
Kappa statistics; Ovr Kap = Overall Kappa statistics; Ovr Acc = Overall Accuracy  
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Table 5. Accuracy assessment of Getis Index approach using a 5x5 window for 1985, 1991, 1995, 





































U 95.7 81.5 0.79 95.7 81.5 0.79 88.9 88.9 0.87 92.6 92.6 0.91 87.1 96.4 0.96
A/G 100.0 81.5 0.79 100.0 100.0 1.00 100.0 100.0 1.00 100.0 100.0 1.00 100.0 100.0 1.00
RV 95.8 92.0 0.91 96.0 96.0 0.95 100.0 96.0 0.95 100.0 96.0 0.95 96.2 100.0 1.00
S 79.6 100.0 1.00 88.4 95.0 0.94 89.7 94.6 0.93 87.2 87.2 0.84 94.7 92.3 0.91
F 85.7 88.2 0.86 90.9 93.8 0.93 91.4 94.1 0.93 90.3 90.3 0.89 87.9 93.6 0.92
ES 85.2 85.2 0.83 92.3 92.3 0.91 92.0 85.2 0.83 80.0 85.7 0.83 100.0 81.5 0.79
W 100.0 100.0 1.00 96.0 96.0 0.95 100.0 100.0 1.00 95.5 84.0 0.82 100.0 100.0 1.00
Ovr Kap 0.88 0.92 0.93 0.89 0.94
Ovr Acc (%) 90.0 93.5 94.0 90.5 94.5
Getis Index (Gi) Approach (original bands and Gi-transformed bands 5,4,3 using 5 x 5 window) 
1985 1991 1995 2000 2004
U = Urban; A/G = Agriculture/Grassland; RV = Riparian Vegetation; S = Shrubs; F = Forest; ES 
= Exposed Soil; W = Water; Pro Acc = Producer's Accuracy; Usr Acc = User's Accuracy; Kap = 




Table 6. Land-use and land-cover classification areas for the years: 1985, 1991, 1995, 2000, and 2004 
in Ambos Nogales 
1985 1991 1995 2000 2004
U 4005.124 4057.839 4074.002 5756.497 7413.325
A/G 2872.847 427.893 161.475 638.510 970.314
F 33631.292 20796.605 28142.026 19375.249 21571.004
S 32322.027 50348.372 40045.062 48025.987 43237.205
ES 4870.495 2061.409 5335.589 3929.990 4545.920





LULC = Land-use and land-cover; U = Urban; A/G = Agriculture/Grassland; RV = Riparian 
























Figure 5. Classified land-use and land-cover maps: (a) 1985; (b) 1991; (c) 1995; (d) 2000; (e) 2004. 
Note. Urban = Purple; Agriculture/Grassland = Light Green; Forest = Dark Green; Shrubs = 




Table 7. Land-use and land-cover change for the years: 1985, 1991, 1995, 2000, and 2004 in Ambos 
Nogales. 
1985-1991 1991-1995 1995-2000 2000-2004 1985-2004
U 1.3% 0.4% 41.3% 28.8% 85.1%
A/G -85.1% -62.3% 295.4% 52.0% -66.2%
F -38.2% 35.3% -31.2% 11.3% -35.9%
S 55.8% -20.5% 19.9% -10.0% 33.8%
ES -57.7% 158.8% -26.3% 15.7% -6.7%





LULC = Land-use and land-cover; U = Urban; A/G = Agriculture/Grassland; RV = Riparian 
























1985 1991 1995 2000 2004
Year
Land-use and land-cover change in Ambos Nogales
Urban Agriculture/Grassland Forest Shrubs Exposed Soil
 
Figure 6. Land-use and land-cover change in Ambos Nogales: 1985 through 2004  
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Table 8. Land transformation of land-use and land-cover classes into urban area: Nogales, Arizona 
and Nogales, Sonora, (a) 1985-1991; (b) 1991-1995; (c) 1995-2000; and (d) 2000-2004 
 
(a) 
1985 Area % Area %
A/G 61.406 3.51 12.590 1.12
F 264.794 1.41 175.690 1.19
S 215.896 1.42 447.387 2.61
ES 278.033 9.63 326.037 16.45
1991 Urban







1991 Area % Area %
A/G 6.092 1.54 0.893 2.84
F 53.690 0.41 45.405 0.59
S 417.334 1.71 585.795 2.26
ES 109.166 11.24 228.405 20.96
1995 Urban









1995 Area % Area %
A/G 11.047 6.92 0.975 54.55
F 375.422 2.14 301.751 2.84
S 572.555 3.15 855.137 4.01
ES 471.592 13.61 282.257 15.10
2000 Urban







2000 Area % Area %
A/G 45.242 10.11 11.615 6.08
F 660.116 6.49 70.991 0.77
S 1517.039 5.86 420.827 1.90
ES 427.325 22.38 161.800 8.01
2004 Urban






Table 9. Land degradation in Nogales, Arizona and Nogales, Sonora: 1985 through 2004 
 
Categories Area (Hectares) % Area (Hectares) %
1 Highly stable 5570.411 14% 5556.034 15%
2 Stable 7193.367 18% 3230.806 9%
3 Low 19940.900 49% 24656.174 67%
4 Moderate 1538.808 4% 1619.058 4%
5 Moderate-high 3735.132 9% 1347.523 4%
6 High 2932.954 7% 540.796 1%
Total 40911.570 100% 36950.390 100%













Figure 7. Land-degradation (1985-2004): (a) Nogales, Arizona; and (b) Nogales, Sonora. Note: Dark 
red = highly degraded, White = highly stable. 
 
 
 